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following a 60 % pancreatectomy (Px) to lower the beta-cell mass and in insulin-resistant spontaneously hypertensive rats [6, 7] . In both, the activity of glucokinase, the major regulatory enzyme in beta-cells for glycolysis, increased [6±8] . Thus, their normal glycaemia elicited a heightened beta-cell glycolytic flux and consequently higher than normal insulin secretion as signals derived from beta-cell glucose metabolism regulate insulin secretion through well-characterized effects on ion channels and membrane potential [1, 4] .
Recent studies suggest a role for glucokinase in compensatory beta-cell growth because of the observation that a high fat diet failed to induce the expected beta-cell hyperplasia in heterozygous glucokinase-deficient mice [9] . The mechanism of this effect is not known. Beta-cell glucose metabolism generates not only energy but also lipid and amino acids for signalling and structural macromolecules [10] . Also, the precursor for nucleotide synthesis, ribose-5-phosphate, is derived from the pentose phosphate shunt which is a metabolic pathway of the glucokinase reaction product, glucose-6-phosphate (G6P) [11] .
We tested the hypothesis that the enhanced glucokinase activity of beta-cell adaptive states increases the production of glucose-derived lipid, amino acids and DNA. Rats following a 60 % pancreatectomy were studied and found to maintain normal plasma concentrations of insulin and glucose despite the large reduction in beta-cell mass [6, 12] , making them an excellent model to investigate beta-cell compensation. The study was carried out when beta-cell proliferation was increased by threefold (5 days after surgery) and near normal (4 weeks after surgery).
Materials and methods
Rats and islet isolation. Principles of laboratory animal care (NIH publication no. 85±23, revised 1985) were followed and the protocol was approved by the Institutional Animal Use and Care Committee of the University of Vermont. SpragueDawley rats (100 g) underwent a 60 % Px using our previously described method [12] . Briefly, the portion of the pancreas bordered by the spleen and stomach extending to the pylorus was removed with gentle abrasion using cotton applicators. Control rats underwent laparotomy and mobilization of the pancreas with gentle rubbing between the fingers. All rats received rat chow and tap water ad libitum, and were studied 5 days or 4 weeks after the surgery unless stated otherwise. Plasma glucose was measured in tail vein blood from normally fed rats using a Glucose Analyser II (Beckman, Fullerton, Calif., USA). Islets were isolated by an adaptation of the Gotoh method [13] : pancreas duct infiltration was with collagenase, Histopaque gradient separation and hand picking. DNA was measured by the Labarca method [14] , and protein by commercial (Bio-Rad, Hercules, Calif., USA) kit that used BSA as standard. Freshly isolated islets were used after 30 min incubation in KRB, 5.5 mmol/l glucose, 0.07 % BSA unless stated otherwise.
Insulin secretion. Isolated islets underwent a 30 min preincubation in warmed and oxygenated KRB, 2.8 mmol/l glucose, 0.5 % BSA. Insulin secretion was assessed using duplicate batches of 10±15 islets in glass vials containing 1 ml KRB, 0.5 % BSA, 5.5, 8.3 or 16.7 mmol/l glucose for 60 min in a 37 C shaking water bath. Medium was separated and stored at ±20 C pending insulin measurement by RIA [15] . Islet protein content in each sample was measured and the secretion results expressed as nmol g protein ±1 .
Glucose phosphorylation and glucokinase immunoblot. Glucose phosphorylation was measured in the supernatant of homogenized islets after centrifugation at 12 000 g for 10 min as previously described [7] by quantifying conversion of NAD + to NADH by exogenous glucose-6-phosphate dehydrogenase [16] . The reaction was carried out at 0.06, 0.5, 6.0 and 24 mmol/l glucose, as the limited number of islets from 60 % Px rats prevented our using the 10 glucose concentrations that are typically used to calculate glucokinase and hexokinase kinetics. Hexokinase activity was estimated as the value at 0.5 mmol/l glucose and glucokinase activity as the difference between the 0.5 and 24 mmol/l glucose measures. Glucokinase immunoblots were done as described [7] using sheep antiserum against an Ecoli-derived B1 isoform of rat glucokinase (gift of Dr. Mark Magnuson, Vanderbilt University, Nashville, Tenn., USA) and chemiluminescence detection.
Pentose phosphate shunt activity (PPS). The proportion of islet glucose metabolism attributable to the PPS pathway was calculated by the method as previously described [17] . Islet glucose oxidation measured using 90 min incubations at 37 C with [1± 14 [18] : 10 % TCA-treated islet samples were vacuum-filtered through a GF/F glass microfiber filter (Whatman, Clifton, N. J., USA) to trap DNA, washed with cold 5 % TCA then 75 % ethanol and the filters were scintillation counted.
Glucose-derived lipid production. Altogether 100 islets were incubated for 3 h at 37 C in 200 l KRB that contained 2.8, 8.3 or 27.7 mmol/l glucose + 4 Ci [U- 14 C]glucose. Glucose-derived lipid was determined by liquid scintillation counting of chloroform-methanol extracts [19] .
Glucose-derived alanine and glutamate production. A total of 100 islets were incubated for 3 h at 37 C in 100 l KRB that contained 2.8, 8.3 or 27.7 mmol/l glucose + 1 Ci [6± 14 C]glucose. Glucose-derived alanine and glutamate were measured as the difference of 14 C-labelled amino acids in sample A (40 l islet homogenate in 60 l 100 mmol/l TRIS, pH 8.1, 20 mmol/l oxoglutarate, 20 mmol/l l-glutamate) and B (40 l islet homogenate in 60 l 100 mmol/l TRIS, pH 8.1, 20 mmol/l oxoglutarate and 83 g/ml pig heart glutamate: pyruvate transaminase) according to a method previously described [20] .
Enzyme activities. Phosphofructokinase (PFK) activity was measured as previously described [21] . Islets (100/0.1 ml extraction buffer) were sonicated on ice in 15 mmol/l K 2 PO 4 , pH 7.0, 100 mmol/l KCl, 2 mmol/l EDTA, 2 mmol/l PMSF, 0.2 mg/ml leupeptin, 50 g/ml aprotinin, then centrifuged at 12 000 g for 15 min at 4 C. Supernatant (20 l) was added to 1 ml reaction buffer containing 50 mmol/l TRIS/HCl, pH 8.0, 1 mmol/l EDTA, 2.5 mmol/l DTT, 2 mmol/l MgCl2, 5 mmol/l ammonium sulphate, 1 mmol/l ATP, 1 mmol/l Fru 6-P, 0.16 mmol/l NADH, 0.4 U/ml aldolase, 2.4 U/ml triosephosphate isomerase/0.8 U/ml glycerophosphate dehydrogenase mixture in a quartz cuvette and NADH, metabolized over 15 min, assessed by spectrophotometer at 340 nm. The PFK activity was calculated based on 1 mol Fru 1,6-P2 = 2 mol NADH consumed.
Citrate synthase activity was measured as previously described [22] . Homogenized islet extract in HEPES 10 mmol/l pH 7.4, 250 mmol/l sucrose, 2.5 mmol/l EDTA, 2 mmol/l cysteine, 0.02 % BSA (40 l) was added to 0.55 ml 100 mmol/l Hepes, pH 7.4, 0.1 mmol/l oxaloacetate, 0.1 mmol/l DTNB, 0.05 mmol/l acetyl-CoA in a UV cuvette. CoA-SH production was assessed spectrophotometrically at 412 nmol.
Glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6-PGD) activities were measured in the supernatant of 100 islets that were sonicated in 20 mmol/l HEPES, pH 7.4, 50 mmol/l KCl, 0.5 mmol/l DTT, and centrifuged at 14 000 g for 10 min. 6-PGD activity alone and total dehydrogenase activity (G6PD and 6-PGD) were measured according to a method previously described [23] . G6PD activity was calculated as the difference between the activity of 6-PGD and total dehydrogenase activity.
Metabolites. Freshly isolated islets were incubated for 1 h at 37 C in prewarmed and oxygenated KRB followed by biochemical analysis. Citrate concentration was measured as previously described [21] by the method of Lowry and Passonneau [24] after a 60-min incubation at 37 C in 8.3 mmol/l glucose. Glucose-6-phosphate (G6P) was measured after incubation at 2.8, 8.3 or 27.7 mmol/l glucose using an adaptation of the Lowry and Passonneau method [25] as previously described [22] . The method first entailed rapid lysis after incubation using 10 l 40 mmol/l NaOH, placed on ice for 10 min and addition of 3 l 0.15 mol HCl with incubation at 75 C for 20 min to destroy cellular enzymes to ensure stability of the G6P.
Beta-cell replication by 5-bromodeoxyuridine (BrdU) incorporation. The method has been described before [26] . Px and control rats 2 days, 5 days and 4 weeks after surgery were injected with 100 mg/kg BrdU ip (Sigma, St. Louis, Mo., USA). Pancreata were harvested 6 h later and placed in Bouin's fixative overnight, then shipped to Barcelona for the remainder of the protocol. Paraffin-embedded 5 m sections were double-stained by immunoperoxidase for BrdU (Amersham, Piscataway, N. J., USA) and for beta cells using a guinea pig antiswine insulin antibody (Dako, Carpinteria, Calif., USA). Beta-cells were systematically counted using an Olympus BH-2 microscope connected to a video camera with a color monitor. Results are expressed as percent of beta cells that stained for BrdU (at least 1200 beta cells were counted for each animal).
Data presentation. All data are expressed as means SEM. For the protocols that used isolated islets from a single rat, the n values are the number of rats studied. If pooled islets from more than one rat were needed, the n values are the number of experiments that were performed. Statistical significance was determined by the unpaired Student's t test unless stated otherwise.
Results
Characteristics of rats and isolated islets. We previously reported islet and in vivo characteristics of 60 % Px rats 4 weeks after surgery [6] . Five days after surgery, non-fasting plasma glucose values were equal in the Px and control rats (8.1 0.2 mmol/l control rats n = 4 vs 7.9 0.1 mmol/l Px n = 8). Beta-cell BrdU incorporation was threefold higher in the Px rats 2 and 5 days after surgery but had fallen to 150 % of the control rats at 4 weeks (Fig. 1) . Consequently, isolated islets of the 5-day Px rats were larger and hypercellular compared to the control rats (0.68 0.02 g protein islet ±1 control rats vs 1.21 0.03 g protein islet ±1 Px, p < 0.001; 23 1 ng DNA islet ±1 control rats vs 40 2 ng DNA islet ±1 Px, p < 0.001, n = 6 both parameters). Islet glucose phosphorylation was also greatly increased at the 5-day time point in the Px rats ( Fig. 2) with threefold increases at 0.5 mmol/l glucose to approximate hexokinase activity (9.3 0.9 mol glucose kg DNA ±1 60 min ±1 Px vs 2.9 0.3 mol glucose kg DNA ±1 60 min ±1 control rats, p < 0.001) and in the delta of the results at 0.5 mmol/l and 24 mmol/l glucose to approximate glucokinase activity (10. Beta-cell replication rate was assessed in 60 % Px and control rats 2 days, 5 days, and 4 weeks after surgery (3±6 rats per group) by BrdU incorporation measured from pancreas sections that were co-stained for insulin to immunomark beta cells as described in the text. The BrdU treatment period was 6 h. Px values are 258 42 % at 2 days (p < 0.003), 307 50 % at 5 days (p < 0.01), and 158 19 % at 4 weeks (p < 0.015) of the control rats cokinase activity occurred with no change in glucokinase content according to immunoblotting (Fig. 3) . Mean band intensity from three experiments was Px 107 14 % of the control islets.
Islet insulin secretion. Insulin secretion measured at 5.5, 8.3 and 16.7 mmol/l glucose in isolated islets of 5-day post surgery 60 % Px and control rats did not differ between the two groups (Fig. 4) .
Islet PPS activity and DNA synthesis. The PPS activity was 1.8±3.4 % of metabolized glucose in control islets. It was threefold higher in Px islets, with absolute PPS activity being increased sixfold because of the higher overall glucose metabolism (both p < 0.001 compared with the control islets at 8.3 mmol/l glucose which approximates in vivo glycaemia). Accompanying the increased PPS activity was a twofold increase in islet DNA synthesis (p < 0.005) (Fig. 5) . As shown in Figure 1 , the betacell proliferation rate 4 weeks after the Px surgery was close to normal; islet PPS activity at that time was not increased (Table 1) and DNA synthesis was only minimally raised (Fig. 5) .
We investigated the basis for the increased PPS activity in the 5-day Px rats. Activities of G6PD and 6- Fig. 2 . Islet glucose phosphorylation. Glucose phosphorylation (n = 3 experiments) was measured after 90 min incubation at the shown glucose concentrations in islets from rats 5 day after 60 % Px or control Px. Values at 0.5 mmol/l glucose to approximate hexokinase activity and in the delta of the results at 0.5 mmol/l and 24 mmol/l glucose to approximate glucokinase activity were increased by threefold in the 60 % Px rats (both p < 0.001) Fig. 3 . Glucokinase immunoblot. Glucokinase immunoblot of isolated islets from a 60 % Px and control rat 5 days after surgery was done using 30 g aliquots of islet protein and sheep antiserum against an Ecoli-derived B1 isoform of rat glucokinase. The glucokinase band (GK) eluted at 52 kD PGD which are key regulatory enzymes of the PPS pathway were increased 50 % in Px islets [11] (Table 2). We also determined the concentration of the PPS substrate, G6P, following 60 min exposure to 2.8, 8.3 or 27.7 mmol/l glucose. The G6P concentration was twofold increased in the Px islets at all glucose concentrations (Fig. 6A) . There was also a linear relation between islet G6P concentration and PPS activity (Fig. 6B) .
Islet PFK and citrate synthase activities. The G6P concentration reflects the balance between its production and metabolism. Glucose phosphorylation was increased in the Px islets as already shown. The main regulator of post-glucokinase glycolytic flux in beta cells, and thus G6P metabolism, is PFK [27, 28] which is regulated transcriptionally and also by multiple allosteric activators and inhibitors. Citrate produced from citrate synthase is the main inhibitor [29] . PFK and citrate synthase V max did not change in the Px islets ( , n = 4, p = 0.002).
Islet glucose-derived lipid and amino acid production. Glucose-derived lipid production was increased in Px islets (167 5 % of control rats at 8.3 mmol/l glucose, p < 0.002) with no difference in the proportion of glucose utilization that went to lipid production between the control and Px islets (Fig. 7) . Comparable results were obtained for glucose-derived alanine and glutamate production (Fig. 8) although the amount of increase in the Px islets was somewhat larger (271 39 % at 8.3 mmol/l glucose).
Discussion
The glucose homeostasis system maintains normoglycaemia by varying insulin secretion through changes in both the mass and function of beta cells. We studied 60 % Px rats to gain insight into the beta-cell compensation that follows a partial pancreatectomy which results in a lowered beta-cell mass. We previously studied these rats 4 weeks after surgery and identified enhanced insulin secretion on the basis of increased glucokinase activity [6] . The current study was done 5 days after a 60 % Px, a time characterized not only by increased glucokinase activity (to a greater extent than at 4 weeks) but also by a threefold increase in beta-cell proliferation. Production of glucose-derived lipid and amino acids increased in the Px islets. Also, there was a marked increase in PPS activity and DNA synthesis that was not present when beta-cell proliferation was only minimally increased (4 weeks). These findings show that increased glucokinase activity and the resulting increase in glucose metabolism in the 5 day Px islets is associated with augmented production of DNA, lipid and amino acids, and could provide an insight into the recently identified requirement of glucokinase in fatfeeding-induced compensatory beta-cell growth [9] . Surprisingly, glucose-induced insulin secretion did not increase in the 5-day Px islets. The long-standing observation of a lack of glucose responsiveness in fetal islet tissue [30, 31] , despite the presence and activity of glucokinase [32] , suggests that alternate steps in the stimulus secretion mechanism require additional maturation. It could be the newly developed beta cells in the 5-day Px islets are not yet fully mature for normal function. The sixfold increase in PPS activity in the Px islets is of particular interest as an important role has been postulated for this metabolic pathway in normally regulated and dysregulated cell proliferation based on studies that have shown increased PPS activity in hyperproliferating tissues and a wide variety of cancers and tumor cells [23, 33±36] . The PPS converts G6P for several purposes: synthesis of ribo-nucleotides and deoxyribonucleotides from ribose-5-phosphate, non-oxidative branch that produces glyceraldehyde-3-phosphate which is an important signalling molecule for insulin secretion and oxidative branch that returns to the glycolytic pathway [11] . Furthermore, the generated NADPH is utilized, depending on the tissue, for lipid production, maintenance of the redox state, and defence against nitric oxide-mediated or other forms of cell death [11, 37, 38] . The marked enhancement of PPS activity in 5-day Px is- Fig. 6 . Islet G6P concentration (A) and the relation between islet G6P concentration and PPS activity (B). Freshly isolated islets from rats 5 days after 60 % Px or control Px (A) were incubated in 2.8, 8.3 and 27.7 mmol/l glucose for 60 min followed by measurement of G6P as described in the text (n = 4 experiments). Px values were statistically increased at all tested glucose concentrations (p < 0.001 at all glucose concentrations). The mean G6P results graphed against the PPS activity from Table 1 (B) measured at the same experimental conditions shows a linear relation Table 1 Fig . 8 . Glucose-derived alanine and glutamate production (A) and per cent of glucose utilization (B) in isolated islets. Freshly isolated islets from rats 5 days after 60 % Px or control Px (A) were incubated in 2.8, 8.3 and 27.7 mmol/l glucose and 1 Ci [6± 14 C]glucose (n = 4 experiments) for 60 min. Glucose-derived alanine and glutamate production was measured as described in the text. Statistical values for the Px versus control groups were p < 0.03 at 2.8 mmol/l glucose, p < 0.02 at 8.3 mmol/l glucose, p < 0.002 at 27.7 mmol/l glucose. Per cent of islet glucose utilization that was made up of glucose-derived alanine and glutamate production (B) was calculated by comparing the results from (A) to the d-[5± 3 H]glucose-calculated glucose utilization results from Table 1 lets contrasts with previous studies of beta cells and islets that showed little PPS activity [10, 39] , analogous to 4-week Px islets. Thus, akin to the cited studies in neoplastic and highly replicative normal tissues, there appears to be a correlation between PPS activity and beta-cell proliferation. We cannot determine from our results if increases in PPS activity have a regulatory role in beta-cell hyperproliferation as has been shown in a kidney cell line based on genetic and pharmacologic manipulation of glucose-6-phosphate dehydrogenase activity, and thus of PPS activity, that resulted in parallel changes in cell growth and thymidine incorporation [23] . However, it is notable that 4-week Px islets had no increase in PPS activity and there were close to normal rates of DNA synthesis and beta-cell proliferation.
Why did PPS activity increase in the Px rats 5 days after the surgery, but not at 4 weeks, as both times show increased glucokinase activity and islet glucose metabolism? We propose the key factor is the amount of increase in glucokinase activity ± 180 % of control in the 4-week Px rats [6] and more than 300 % of control in the current study ± based on adenovirus-mediated increases of glucokinase expression in beta cells [40] . Investigators observed a narrow range of effect whereby more than a twofold increase in glucokinase activity no longer increased glucose metabolism but raised instead the G6P concentrations because of a limiting downstream capacity for glucose metabolism. Consistent with this view, G6P concentrations were increased in the 5-day Px islets but not at 4 weeks using the same experimental protocol [6] . Furthermore, there was a mismatch in glucose phosphorylation ( > threefold increased) and glucose utilization ( < twofold increased) in 5-day Px islets as opposed to identical amounts of change (both 180 % of control) at 4 weeks [6] . The linear relation between G6P concentration and islet PPS activity in this study is additional support. Thus, our results coupled with the study of glucokinase overexpression in beta cells [40] support an effect of the enhanced glucose phosphorylation in 5-day Px islets to increase flux through the PPS pathway. To be active, that response requires glucose phosphorylation to exceed the glycolytic capacity which explains the lack of this effect in 4-week Px rats.
What determines the post glucokinase capacity for glucose metabolism in beta cells and thus the G6P concentration? Computer modelling of beta-cell glucose metabolism has shown that when glucokinase is normally active, it is rate-limiting for glycolytic flux [28] . However, glycolysis is oscillatory in beta cells, with activation and deactivation of PFK postulated to be the cause [27] . It is thus thought that PFK affects glycolysis but its influence is normally on the character, not on the overall flux. In turn, increases in glucose phosphorylation that outstrip PFK capacity would cause that enzyme's activity to be rate-limiting. Our results support this possibility when compared with how chronic high glucose affects beta-cell glucose metabolism. In Px islets, production of citrate, the major allosteric inhibitor for PFK [29] , was doubled and there was no change in PFK V max in tandem with the observed mismatch in glucose phosphorylation (threefold increased) and glucose utilization ( < twofold increased). High glucose-induced increases in glucokinase activity [41, 42] are accompanied instead by increased PFK gene expression and lowered citrate synthase-induced production of citrate [19] . Of note, there is no loss of the primacy of glucokinase to determine glucose utilization as shown in a previous study in which rat islets were cultured for 7 days at various glucose concentrations [41] ; islets cultured at 30 mmol/l glucose had threefold increases in both glucokinase V max and glucose utilization. This dichotomy regarding PFK activity in Px and high glucose-cultured islets supports an important role in determining G6P metabolism when beta-cell glucokinase activity is increased.
In summary, this study confirmed our finding of increased beta-cell glucokinase activity made 4 weeks after a 60 % Px [6] . The 5-day time point is also characterized by compensatory beta-cell hyperproliferation or growth providing an opportunity to investigate how the enhanced glucose metabolism influences or supports this aspect of the adaptation process. The increase in glucokinase activity in 5-day Px islets was considerably larger than at 4 weeks and at this point exceeded the downstream capacity for glycolysis. Consequently, the G6P level rose, and PPS activity increased in association with a doubling of DNA synthesis. None of these effects were present with the more moderate increase in glucokinase activity of the 4-week Px islets, a time when the rate of beta-cell proliferation was nearly normal. An additional effect of the higher glucokinase activity and glucose metabolism was to increase the production of glucose-derived lipid and amino acids. We propose that the marked increase in glucokinase activity 5 days after the 60 % Px supports the compensatory beta-cell hyperproliferation through an increase in production of glucose-derived DNA, lipid and amino acids.
